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Introduction
Telomeres, the physical termini at linear chromosomes, preserve genome stability by distinguishing natural chromosomal termini from broken DNA ends and protecting chromosomes from degradation and inappropriate repair activities [1] [2] [3] . Maintenance of functional telomeres is essential for long-term cell proliferation. In the majority of immortalized cell lines, including germline cells and~85% of cancer cells, telomeres are maintained by telomerase-catalyzed de novo addition of telomeric repeats, allowing for indefinite cellular proliferation [4, 5] . The remaining~15% of human tumor cells lack telomerase activity, and maintain their telomeres using the alternative lengthening of telomeres (ALT) pathway [6] [7] [8] .
Telomeric DNA, consisting of repetitive double-stranded (TTAGGG/AATCCC) n repeats and single-stranded G-rich 3′ overhangs, is bound by a group of proteins that play an important role in maintaining telomere stability. The shelterin complex, consisting of TRF1, TRF2, POT1, TPP1, TIN2, and RAP1, shields chromosome ends from being recognized as damaged DNA, as evidenced by numerous studies showing that shelterin components prevent the activation of ATM/ATR damage response pathways at telomeres (reviewed in [9] ).
Another important telomere maintenance complex is the CTC1-STN1-TEN1 (CST) complex, a trimeric protein complex that binds to singlestranded DNA with high affinity [10] [11] [12] [13] [14] [15] [16] . Several recent studies have shown that the CST complex is important for telomere maintenance in a multifaceted manner. First and foremost, it facilitates efficient replication of telomeric DNA, thereby preventing catastrophic telomere loss [12] [13] [14] . As a result, suppression of individual components of CST increases the frequencies of fragile telomeres and leads to telomere loss in human somatic cells and mammalian cells [12] [13] [14] . CST is also involved in the late S/G2-specific synthesis of telomeric C-strands referred to as C-strand fill-in, and depletion of CST results in excessively long G-overhangs [12] [13] [14] [15] . Additionally, CST may compete with shelterin POT1-TPP1 for binding to telomeric DNA and restrict telomerase extension of telomeres [17] . The importance of CST in maintaining telomere stability is underscored by genetic studies showing that CTC1 and STN1 mutations cause the Coats Plus syndrome and dyskeratosis congenita [18] [19] [20] [21] [22] , two diseases that are associated with telomere maintenance defects.
To date, the role of CST in telomere maintenance has mainly been investigated in non-ALT cells, and its role in ALT-mediated telomere maintenance is largely unknown. Although it appears that ALT cells employ homology-directed synthesis for telomere maintenance [8, [23] [24] [25] , the mechanism for the ALT pathway remains largely elusive. In addition, ALT cells show several characteristics distinct from non-ALT cells. First, ALT cells contain ALT-associated promyelocytic leukemia (PML) bodies (APBs), which are special PML nuclear bodies containing telomeric DNA, shelterin proteins and repair factors [25] [26] [27] .
Mounting evidence suggests a model that APBs may provide sites to accumulate telomeric repeats and relevant proteins to facilitate telomere synthesis events [26, [28] [29] [30] . Second, ALT cells show high frequency of telomere sister chromatid exchange (T-SCE), which is presumably caused by elevated levels of homology-directed repair (HDR) events at telomere repeats [31, 32] . Third, telomere lengths in ALT cells are extremely heterogeneous [6, 7] . Moreover, abundant extrachromosomal telomere repeats (ECTRs) are detectable in ALT cells. These ECTR molecules are predominantly composed of doublestranded telomeric circles named t-circles (TCs) and partially singlestranded circles referred to as C-circles (CCs) or G-circles that possess intact continuous C-or G-rich strands [24, 33] . CCs are much more abundant than G-circles, and are found to be more specific and quantifiable to ALT activity than G-circles and TCs [24] . Lastly, while only 3′ G-rich overhangs are detectable in non-ALT cells, abundant 5′ C-rich overhangs are present in ALT cells [34] . These 5′ C-overhangs have been implicated in the telomere recombination pathway [35] .
In this study we set out to examine the effect of CST suppression on telomere maintenance in ALT cells. We report that CTC1 and STN1 display punctate nuclear staining that colocalizes with APBs in ALT cells. Suppression of CST significantly decreases CC and TC abundance, elevates telomere abnormalities including T-SCE and fragile telomeres, and induces telomere DNA damage. Moreover, CST suppression limits ALT cell proliferation and dramatically increases the formation of multinucleated polyploid cells. Our results demonstrate that CST plays an important role in telomere maintenance in ALT cells, and suggest that targeting CST may be a potential therapeutic approach for inhibiting the growth of ALT-positive cancer cells.
Materials and methods

Cell culture
U2OS cells stably expressing Flag-CTC1 were constructed by retroviral transduction of pBabe-Flag-CTC1 [36] , followed by hygromycin selection. All cells were cultured at 37°C under 5% CO 2 in DMEM supplemented with 10% fetal bovine serum or cosmic calf serum (HyClone). Double thymidine block was used to synchronize U2OS cells. Briefly, exponentially growing cells were treated with thymidine (2 mM) for 14 h, followed by a cell wash with prewarmed DMEM (three times) and then released into fresh media for 10 h. The second thymidine (2 mM) was then added to medium for 12-16 h, followed by a cell wash with pre-warmed DMEM (three times) before cells were released into fresh medium containing serum. Cells were collected at different time points for analyzing DNA contents using a Beckman Coulter EPICS® XL™ flow cytometer.
Antibodies
The following primary antibodies were used: rabbit α-OBFC1/STN1 (Santa Cruz), mouse α-OBFC1/STN1 (Sigma), rabbit α-CTC1 (ThermoFisher), rabbit α-TRF2 (Santa Cruz), rabbit α-PML (Santa Cruz), mouse α-PML (Santa Cruz), rabbit α-FLAG (Cell Signaling), mouse α-FLAG (Sigma), mouse α-actin (Millipore). Secondary antibodies were horseradish peroxidase conjugated anti-mouse IgG and anti-rabbit IgG (BD Biosciences) for western blotting, Dylight 488-antimouse IgG (ThermoFisher) and Dylight 549-anti-rabbit IgG (ThermoFisher) for immunofluorescence.
RNAi
STN1 siRNA sequences targeting GAUCCUGUGUUUCUAGCCU (siSTN1-1) and GCUUAACCUCACAACUUAA (siSTN1-2) were described previously [13] . STN1 shRNA sequences targeting GAUCCU-GUGUUUCUAGCCU (shSTN1-1) GCUUAACCUCACAACUUAA (shSTN1-2) [13] , GGACUGCCAGAAACCAAAT (shSTN1-4), CTC1 shRNA sequences targeting GTGTTTCCTTTGACCATCA (shCTC1-1), GAAAGTCTTGTCCGGTATT (shCTC1-2), and control siRNA targeting luciferase (shLUC) were described previously [36] .
Immunofluorescence (IF), Immunofluorescence-FISH (IF-FISH)
For IF or IF-FISH, cells grown on chamber slides were fixed with 4% paraformaldehyde and permeabilized in 0.15% Triton X-100. In experiments with pre-permeabilization, cells were treated with 0.1% Triton X-100 for 5 min on ice prior to paraformaldehyde fixation [10] . Cells were then blocked for 1 h in 3% BSA at 37°C, incubated with primary antibodies for overnight at 4°C, washed 3 times with PBS and incubated with fluorescence-conjugated secondary antibodies for 1 h at 37°C. Cells were washed again and counterstained with DAPI. Images were taken under Zeiss AxioImager M2 epifluorescence microscope. For IF-FISH, after staining for protein antigens, slides were re-fixed with 4% paraformaldehyde for 10 min at r.t. Slides were then denatured in hybridization buffer [10 mM Tris pH 7.5, 70% formamide, 0.5% blocking solution (Roche)] at 90°C for 5 min and hybridized with peptide nucleic acid (PNA) probes Alexa488-OO-(TTAGGG) 3 (TelG) or Cy5-OO-(CCCTAA) 3 (TelC) at r.t. for 2 h as described previously [13] . Slides were then washed with 10 mM Tris pH7.5/70% formamide for 15 min, followed by washing two times in 0.1 M Tris pH7.5/0.15 M NaCl/0.08% Tween-20 for 5 min each. Slides were dried and DAPI containing mounting medium (Vector Labs) was applied for microscopy visualization.
Chromosome-oriented FISH (CO-FISH)
CO-FISH was performed as described previously [37] . Briefly, cells were cultured in the presence of 10 μM BrdU and BrdC (3:1) for one population doubling prior to colcemid treatment. Slides containing metaphase spreads were incubated with Hoechst 33258 for 15 min, exposed to UV light for 30 min, treated with Exonuclease III (Promega) for 10 min at room temperature, and then sequentially hybridized to PNA Alexa488-OO-(TTAGGG)3 and Cy3-OO-(CCCTAA)3 probes at the room temperature for 2 h. Slides were then washed and dehydrated in ethanol series. DNA was counterstained with DAPI, and images were taken under Zeiss AxioImager M2 epifluorescence microscope.
C-Circle assay (CC assay)
CC assay was performed as described previously [24] . Briefly, 40 ng of genomic DNA was digested with AluI and HaeIII, and then subjected to rolling circle amplification in the presence of 1 mM of each dATP, dGTP, dTTP, with or without 10 U Φ29 DNA polymerase (NEB). Reaction was incubated at 30°C for 8 h, then at 65°C for 20 min. Equal amount of reaction solution from each sample was subjected to agarose gel electrophoresis under non-denaturing condition to detect amplified long G-strand products that migrated minimally from the wells. For quantitative CC assay, an aliquot of reaction products was diluted with 2×SSC and slot-blotted onto Hybond-N + membrane (GE Healthcare). DNA was UV-crosslinked and hybridized with the 32 P-(CCCTAA) 3 probe. Meanwhile, an equal amount of reaction products was denatured in 0.1 M NaOH at 65°C for 10 min and then hybridized with 32 P-Alu probe on slot blot. Membranes were exposed to Phosphor screens to obtain signals in the linear range, and were scanned on a STORM 860 (GE Healthcare) with the ImageQuant software. Signals from telomeric probe hybridization (native membrane) were normal-ized to denatured Alu signals to obtain CC abundance. All signals in each experiment were then normalized to the mean value of CC abundance in the control sample derived from three independent experiments to obtain relative CC abundance.
TRF analysis and pulsed-field gel electrophoresis (PFGE)
TRF was performed with standard PFGE using a Bio-Rad CHEF MAPPER™ apparatus. Genomic DNA was digested with a mixture of four enzymes (AluI, HaeIII, HinfI, MspI), separated with PFGE on a 0.8% agarose gel in 0.5×TBE for 20 h at 20°C with the following setting: 1 s initial switch time, 12 s final switch time, 120°angle, 6 V cm
. Following electrophoresis, the gel was denatured in denaturing solution (0.5 M NaOH, 1.5 M NaCl) for 45 min at r.t., dried, neutralized in neutralization solution (1.5 M NaCl, 0.5 M Tris pH 8.0), and then hybridized with the telomeric 32 P-(TTAGGG) 3 probe. Hybridization was performed as described previously [38] .
2D gel analysis for detecting t-circles
For 2D gel analysis, 10 μg of digested genomic DNA was resolved in the first dimension in a 0.4% agarose gel at 1 V cm −1 and stained with ethidium bromide. The gel slice was then cut out, casted into a second 1% agarose gel containing EtBr and resolved at 6 V cm
. The gel was denatured in denaturing solution (0.5 M NaOH, 1.5 M NaCl) for 45 min at r.t., dried, neutralized in neutralization solution (1.5 M NaCl, 0.5 M Tris pH 8.0), and then hybridized to the telomeric 32 P-(TTAGGG) 3 probe. Hybridization was performed as described previously [38] . The gel was then exposed to a Phosphor screen to obtain signals in the linear range, and was scanned on a STORM 860 (GE Healthcare) with the ImageQuant software. To quantitate relative TC abundance, signals from t-circle were first normalized to total telomere signals, followed by normalizing to the mean value of shLUC control from three independent experiments.
Cell proliferation assay (MTS assay)
Cells were seeded onto 96-well microplates and treated with STN1 siRNA or control siRNA for 72 h. The determination of cell growth was performed with the CellTiter 96® Aqueous One Solution Cell Proliferation Assay kit (Promega), following the manufacturer's instruction.
Results
CTC1 and STN1 formed punctate nuclear staining complex colocalizing with APBs
To investigate whether CST plays a functional role in ALT cells, we stably expressed Flag-tagged CTC1 in the U2OS ALT cell line by retroviral transduction, and then detected the cellular localization of CST components. Immunofluorescence with anti-Flag showed that Flag-CTC1 localized in nuclei in U2OS and VA13 cells (Fig. 1A) . Notably, a subset of CTC1 formed distinct punctate nuclear foci in both U2OS and VA13, and such punctate foci colocalized with PML (Fig. 1A) . To determine whether the punctate foci formation and PML colocalization are specific to ALT cells, we expressed Flag-CTC1 in two non-ALT cell lines [H1299 (telomerase positive) and BJ/E6E7 (BJ primary fibroblasts expressing HPV16 E6 and E7 proteins)]. In both cell lines, Flag-CTC1 showed diffused and weak nuclear staining with complete absence of punctate foci (Fig. 1A) . No CTC1 colocalization with PML was observed in either H1299 or BJ/E6E7 (Fig. 1A) . Since previously it has been reported that pre-permeabilization with Triton X-100 prior to fixation helps reveal foci of STN1 and CTC1 [10] , we then tested this condition. We found similar foci formation of CTC1 as well as CTC1 colocalization with PML in ALT cells (Suppl Fig. S1 ).
No punctate CTC1 foci formation was observed in either H1299 or telomerase-immortalized BJ cells (BJ/hTERT) under pre-permeabilization conditions, and CTC1 showed diffused nuclear staining in both cells (Suppl Fig. S1 ). Collectively, our results suggest that at least a subset of CTC1 forms punctate foci that colocalize with PML specifically in ALT cells.
Since ALT cells contain APBs that are comprised of special PML nuclear bodies, telomeric DNA, and telomere binding proteins [26, 27] , the observed specific colocalization of CTC1 with PML in ALT cells but not in non-ALT cells suggests that the colocalized foci may be in APBs.
To test this, we performed combined immunofluorescence and FISH (IF-FISH) analysis, and found that the punctate foci of Flag-CTC1 colocalized with PML as well as telomeric DNA in both U2OS and VA13 cells (Fig. 1B) , suggesting that CTC1 is localized in APBs. By immunostaining with anti-STN1, we also found that the punctate CTC1 foci contained STN1 (Fig. 1C, top panel) . Similar to CTC1, STN1 foci colocalized with PML (Fig. 1C ) as well as with telomeric DNA (Fig. 1D) . In addition, U2OS without Flag-CTC1 expression displayed similar STN1 punctate nuclear staining that colocalized with PML (Fig. 1C , the "vector" sample) and telomeric DNA (Fig. 1D, the "vector" sample) , arguing against the possibility that the localization of Flag-CTC1 and STN1 in APBs is due to CTC1 overexpression.
Since the three components of CST form a trimeric complex [10] , we next tested whether the complex formation was required for CTC1 and STN1 foci formation in ALT cells. We depleted STN1 in U2OS cells with two distinct sequences of siRNA, and then carried out coimmunostaining. As shown in Fig. 2 , both siRNA sequences efficiently reduced STN1 expression, and STN1 depletion did not impact TRF2 or PML staining. Noticeably, STN1 depletion reduced punctate foci formation of Flag-CTC1 (Fig. 2) , suggesting that STN1 or perhaps the complex formation of CST is needed for CTC1 foci formation. Consequently, CTC1 colocalization with PML or TRF2 was completely abolished (Fig. 2B, C) . Taken together, our results suggest that CTC1 and STN1 are components of APBs in ALT cells, implying a role of human CST in ALT cells.
CST localized at telomeres in ALT cells throughout the cell cycle
In non-ALT telomerase-positive cells, CST association with telomeres fluctuates in the cell cycle [17] . We therefore determined whether this was the case in ALT cells. U2OS cells stably expressing Flag-CTC1 were synchronized at G1/S border with double-thymidine block, and then released into S and G2 phases (Suppl Fig. S2A ). Cells were fixed at 0 h (G1), 3 h (early S), 6 h (mid S), and 9 h (G2) after release and IF-FISH was performed. In G1 phase, the majority of telomeric DNA was in APBs that were co-stained for PML and telomeres, and CTC1 predominantly colocalized with telomeres in APBs (Suppl Fig. S2B, 0 h ). During the S phase, nearly all CTC1 colocalized with telomeric DNA, with a substantial portion of CTC1 colocalizing with PML-free telomeres, while the remaining CTC1 colocalizing with APBs (Suppl Fig. S2B , 3 h and 6 h). We also noticed that more telomeric DNA became dissociated from PML in early and mid S phase. Such increase in PML-free telomeres is consistent with the dynamics of PML nuclear bodies during the cell cycle, which is unstable in early S phase due to PML fission and then is reconstructed in late S/G2 [39] . In G2 phase, the majority of CTC1 regained colocalization with APBs (Suppl Fig. S2B, 9 h) . Thus, CTC1 colocalizes with telomeres in all stages of the cell cycle.
Depletion of STN1 or CTC1 reduced the abundance of CCs and TCs
Our observation that CTC1 and STN1 localized in APBs prompted us to study the potential role of CST in the ALT pathway. Because CC is a specific and quantifiable marker of ALT activity [24] , we set out to determine whether CST deficiency affected CC abundance using the previously described quantitative C-circle assay (CC assay) [24] . In CC assay, the partially single-stranded CCs act as self-priming templates for Φ29 polymerase to amplify via rolling circle amplification, producing single-stranded G-rich products of > 70 kb that can be hybridized with a radioactively labeled telomeric C-rich probe under native conditions. The long amplified products can be detected either by agarose gel electrophoresis or by slot blot, allowing for rapid and quantitative detection of CCs [24] . We found that both transient and stable depletion of STN1 in U2OS cells significantly reduced CC abundance (Fig. 3A-G) . Depletion of STN1 in another ALT cell line VA13 showed similar CC reduction (Fig. 3H-J) , indicating that this effect was not cell line specific. Likewise, stable depletion of CTC1 significantly diminished the amount of CCs (Fig. 3K-M) .
Like CCs, TCs are also abundant in ALT cells. Although the origin of CCs is unknown, it has been proposed that CCs may result from nucleolytic degradation of the G-rich strand of TCs [40] . Thus, we then determined whether CST deficiency altered TC abundance. Using 2D gel analysis, we found that the amount of total TCs was decreased upon STN1 depletion (Fig. 4) . Collectively, these results suggest that the CST complex likely regulates CC and TC homeostasis in ALT cells. 3.4. Deficiency in STN1 increased telomere damage, telomere fragility, and frequency of T-SCE, but had no effect on APB formation or global telomere length Next, we tested whether CST deficiency affected other aspects of telomere maintenance, including APB formation, frequency of T-SCE, and telomere length. Lines of evidence suggest that APBs has a functional role in promoting replication-and/or HDR-mediated extension of ALT telomeres, probably via enriching repair/replication proteins, enhancing the activities of these proteins, and providing sites for telomere clustering [26, 28] . Because CTC1 and STN1 form punctate nuclear staining complex colocalizing with APBs ( Fig. 1) , we then determined whether CST played a role in APB formation. We stably depleted STN1 in U2OS with shRNA and cells were stained with antibodies against PML and TRF2 to reveal APBs. Neither the percentage of APB-positive cells (with > 3 APBs per nucleus) nor the average number of APBs per nucleus was perturbed by STN1 knockdown ( Fig. 5A and B) , suggesting that CST is not needed for APB formation.
BJ/E6E7
H1299
Using IF-FISH, we also found that STN1 knockdown induced telomere damage, as evidenced by increased colocalization of γ-H2AX with telomere signals (Fig. 5C, D) . This suggests that CST is important for maintaining functional telomeres in ALT cells. We then performed the chromosomeoriented FISH (CO-FISH) analysis to examine telomere dysfunction induced by CST deficiency. STN1 suppression increased telomere fragility (Fig. 5E, F) , consistent with previous report that CST is important for efficient replication of telomeric DNA [14] . In addition, STN1 deficiency increased the frequency of T-SCE (Fig. 5F ), suggesting that CST might be important for preventing excessive telomere recombination. No change in signal free ends was observed in STN1 knockdown cells (Fig. 5F) .
We then performed TRF analysis with pulse-field electrophoresis to detect telomere length change in STN1 depleted U2OS cells. After stable expression of STN1 shRNAs, U2OS cells were cultured for about 7 weeks. STN1 suppression had no noticeable impact on global telomere length as revealed by TRF analysis (Suppl Fig. S3A ). Western blotting showed that STN1 silencing was effectively main- 
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tained during the long-term cell culture (Suppl Fig. S3B ), suggesting that the absence of telomere length change was not due to failure of knockdown. Although CST deficiency-induced telomere fragility was expected to lead to telomere breakage and contribute to sudden loss of telomeres [13, 41] , it is possible that the elevated telomere recombination events induced by CST deficiency (Fig. 5F ) might counteract telomere loss in ALT cells.
Relative C-circle abundance p=0.002 p=0.002
---56kD Next, we determined the effect of CST deficiency on cell proliferation. STN1 was depleted in U2OS with siRNA (Fig. 6A) , and cells at 72 h post siRNA treatment were subjected to the MTS assay to measure cell viability. As shown in Fig. 6B , acute STN1 knockdown in U2OS cells limited cell proliferation compared to control knockdown. SiRNA treatment of U2OS in presence of RNAi-resistant STN1 (MM-STN1) has no obvious effect on cell proliferation (Fig. 6B) , suggesting that the knock-down was specific. This is consistent with the previous report that U2OS shSTN1 clones showed slower proliferation rate [14] . Simultaneously, we observed a sharp increase of enlarged multinucleated cells, with about 50% of cells displaying multinucleation two days after STN1 depletion (Fig. 6C, D , and Suppl Fig. S4 ). Although the cause of multinucleation in STN1 deficient U2OS is unknown, lines of evidence support that telomere dysfunction promotes endoreplication. Davoli et al. show that persistent telomere damage bypasses mitosis and induces endoreplication, leading to polyploidy [42] . Endoreplication can also be contributed by telomere replication defects, which induces abortive cytokinesis due to failed chromosome segregation or the persistence of anaphase bridges [43, 44] . Given that CST deficiency induces telomere replication defect, we consider that multinucleation might be induced by perturbation of telomere replication.
Discussion
Recent studies on CST mainly focus on its role in telomere maintenance in non-ALT cells. In telomerase-positive cancer cells and normal fibroblasts, the primary function of CST is to promote efficient replication of telomeric DNA [13, 14] and facilitate replication restart at GC-rich repetitive sequences [36] . CST deficiency results in defective telomere replication, leading to telomere breakage and contributing to sudden loss of telomeres [13, 14] . This study and previous report [14] both show that CST deficiency affects telomere replication in ALT cells. Thus, it is reasonable to conclude that CST is important for efficient and faithful replication of telomeric DNA regardless of cell types. Moreover, this study reveals additional telomeric functions of CST that are specific to ALT cells. First, our results demonstrate that CTC1 and STN1 form a punctate nuclear staining complex that colocalizes in APBs, while such punctate staining is completely absent in non-ALT cells. We also demonstrate that CST localizes at ALT telomeres throughout the cell cycle. Furthermore, CST deficiency elevates T-SCE and induces telomere dysfunction. Additionally, functional CST is needed for the production of CCs and TCs. Acute knocking down of STN1 limits cell proliferation and induces multinucleation in ALT cells. We propose that CST is critical for ALT-mediated telomere maintenance and viability of ALT cells, and targeting CST may provide a novel approach to inhibit the growth of ALT cancer cells.
Elevated T-SCE and ECTRs are generally considered as two major hallmarks of ALT. Interestingly, CST suppression reduces ECTRs but increases T-SCE (Figs. 3-5F ). How can these seemingly conflictive observations be reconciled? To date, little is known about the mechanism for ECTRs formation. While it has been proposed that ECTRs are intermediates resulting from t-loop resolution [45] and CCs may result from nucleolytic degradation of the G-rich strands of TCs [40] , recent evidence highlights the importance of replication in ECTR formation. Blocking replication fork progression with aphidicolin or hydroxyurea significantly attenuates TC and CC production in RTEL1-or ASF1-deficient cells [35, 46] , suggesting an essential role of replication fork passing through telomeric regions in ECTR formation. Thus, it is possible that CST deficiency reduces ECTRs through perturbation of telomeric DNA replication. Meanwhile, replication stress has been shown to induce sisterchromatid bridging at fragile sites in mitosis [47] . Given that telomeres are fragile sites, increased telomere replication stress by CST deficiency may promote sister telomere bridging that can facilitate T-SCE. Alternatively, telomere replication defect may lead to sudden loss of telomeres, generating short telomeres that tend to be more recombinogenic [48] . We suggest that the underlying reason for both T-SCE increase and ECTR reduction in CSTdeficient cells could all be due to defective telomere replication. It should be noted that those commonly described ALT "markers", including T-SCE, ECTRs, APBs, and heterogeneous telomere length, are not always linked to each other. For example, depletion of MUS81 reduces T-SCE but has no impact on ECTR signals or telomere length [49] . Another study shows that while XRCC3 and NBS1 are required for ECTR production, knocking down these two genes does not change telomere length in ALT cells nor affect cell proliferation [50] . We suggest that until the relationship between ALT-associated phenotypic characteristics is fully understood, caution should be exercised when using these markers to interpret ALT activities. Meanwhile, understanding how various genes regulate specific types of ALT characteristics, as well as further dissecting their functions will be critical to identifying targets and devising potential drugs for ALT-positive tumors. 
